Abstract: This paper presents an effective integration scheme of nanostructured SnO 2 with the fiber optic platform for chemical sensing applications based on evanescent optical interactions. By using a triblock copolymer as a structure directing agent as the means of nano-structuring, the refractive index of SnO 2 is reduced from >2.0 to 1.46, in accordance with effective medium theory for optimal on-fiber integration. Hightemperature stable fiber Bragg gratings inscribed in D-shaped fibers were used to perform real-time characterization of optical absorption and refractive index modulation of metal oxides in response to NH 3 from the room temperature to 500°C. Measurement results reveals that the redox reaction of the nanostructured metal oxides exposed to a reactive gas NH 3 induces much stronger changes in optical absorption as opposed to changes in the refractive index. Results presented in this paper provide important guidance for fiber optic chemical sensing designs based on metal oxide nanomaterials. 
Introduction
Metal oxides, amongst their many applications, are an important class of functional materials for chemical and bio sensing. Since the discovery of the sensing properties of these materials, a large variety of metal oxides and their doped variants have been extensively explored for highly sensitive conductometric sensors [1] [2] [3] [4] [5] . The basic origin and form of the resistivity response of chemiresistors can be linked to a change in free carrier concentration or free carrier mobility due to the charge transfer interactions that take place between the surface of the sensor and the chemisorbed species [4] . The optimization of the sensors selectivity, sensitivity, and response time to a specific analytes can still pose challenges to many of which doping with impurities does not yield adequate solutions. Nanostructuring metal oxides on the scale of tens of nanometers allow for the tailoring of their fundamental physical, electronic, and optical properties quite extensively for improved sensory performance [5] [6] [7] [8] [9] [10] [11] [12] [13] . The increase of the surface area of metal oxide nanostructures enhances the interactions between the oxide and the target species. The typical width of the gas modulated space charge region is between 1 and 10nm; therefore, nanostructuring on the scale comparable with this width provides high ratios between the modulated and non-modulated regions, allowing more effective utilization of the sensing material in comparison with thin film devices where the interacting volume is just the modulated width of its geometric surface [5, 12, 14, 15] . Lastly, the controlled nanostructuring on the tens of nanometer scale allows the tuning of the dielectric constants of metal oxides at will while maintaining sufficient scale separation between the dimensions of the nano features and the typical operating wavelengths (visible and near infrared, NIR) [13] .
In addition to their extensive use in conductometric sensors, functional metal oxide nanomaterials are excellent candidates for optical sensor platforms such as optical fiber. As a robust and scalable sensing technology well-suited for harsh environments, fiber optic sensors can provide unique opportunities and can perform in many conditions that are impossible for electronic sensors (e.g. high temperature, corrosive, strong electromagnetic fields, volatile organic/inorganic species). The integration of metal oxides with optical fiber constitutes a unique set of technical challenges. A critical way to improve the sensitivity of fiber optic sensors is to increase the interaction length between the metal-oxide coatings and the guided light. This in turn facilitates the accumulation of the response, whether refractive index or absorption based, leading to an increase in sensitivity. This is not a trivial issue given that the typical refractive indices of metal oxides (n>2.0) are significantly higher than that of commercial silica fiber cores (n~1.46). The optical interaction between the cores of silica fibers with higher index sensing films in close proximity can be detrimental to optical guiding.
Background and simulations
To date, successful demonstrations of fiber optic sensors utilizing metal oxides are realized by thin film coatings as in this domain the index compatibility issues can be mitigated [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Sensory materials such as metal oxides can be coated on D-shaped fiber, side polished fiber, or simply coated on the fiber cladding and can be combined with fiber Bragg gratings or long period gratings [17, 18, 20] . When combined with fiber Bragg gratings, environmentally induced refractive index variations can be transduced into a wavelength shift of the grating peak [28, 29] . Some complex metal oxides have been shown to exhibit refractive index responses and can be combined with fiber Bragg gratings [16, 17] . When metallic coatings such as palladium or palladium and metal oxide composites are introduced with Bragg gratings, these act as strain transducers also exerting modifications on the grating peak [18, 30] . When long period gratings are introduced, these can act to increase the light interaction with functional coatings not in close proximity with the fiber core [16, 23] . A common factor amongst the demonstrated integrated fiber sensors is that when high refractive index functional materials are coated in close proximity with a lower index fiber core, they can only work in the thin film regime in order to minimize the intrinsic optical losses, which can be substantial. D-shaped fiber is a choice platform in optical fiber chemical sensing since the fiber core can be accessed while maintaining sufficient structure for mechanical stability. A schematic of D-shaped fiber coated with functional films in contact with the fiber core is illustrated in Fig. 1(a) . As a rough estimate, the thickness of the high-index sensing films should be less than ¼ of the wavelength (λ/4n) to preserve guiding in the low-index fiber core [31] . This restriction on the film thickness (typically less than ~150 nm) places severe limitations on the interaction volume of the evanescent wave with the sensing medium. To explore the evanescent wave interactions, a detailed simulation is carried out. Figure 1(b) shows the detrimental effects when a high refractive index thick film (2-μm) is coated in contact with the fiber core, where most of the guided light is transferred to the fiber coating and is lost. Figure 1 (c) illustrates the mode power distribution in the device when the refractive index of the film (1.461) is slightly lower than that of the fiber core (1.468), a configuration in which light guiding is preserved.
The dependence of the confinement factors on the film thickness and the refractive indices were explored by finite element analysis. Figure 1(d) shows the refractive index of the film and the percentage of the guided light propagating in the thin film as the function of the film thickness, when the metal oxide coating does not disturb the guided mode in the fiber core. This is defined as the fiber maintains a constant effective index (n eff-sensing ≈n eff-uncoated = 1.464). Figure 1 (d) indicates that when the refractive index of the film is equal to that of the fiber cladding, the maximum evanescent interaction (1.6%) is achieved with minimal mode mismatching losses. The simulation in Fig. 1 (d) also indicates that a metal oxide coating with a nominal index of 2 would require the coating thickness to be 100nm or less, in order to preserve guiding in the D-shaped fiber core, yielding a confinement factor of 0.2%. In many reports it is not clear whether the film thicknesses were optimized to return the fiber to its unmodified operating condition, ensuring that the intrinsic losses are minimal. Therefore, the improvements we state are in regard to optimized coatings and in practice much greater improvements are possible. In this paper, we demonstrate that the complications and limitations of using metal oxides with high dielectric constants can be overcome by replacing thin film designs with refractive index tailored 3D nanomaterials [32] . We demonstrate for the first time that the refractive index of SnO 2 can be tailored "at will" to meet the refractive index compatibility requirements while at the same time maximizing the interacting optical power by eliminating any restrictions on thickness and minimizing the unwanted optical losses. The use of a structure directing agent in the wet chemical preparation of SnO 2 provides an engineering opportunity on the tens of nanometer scale where, by controlling the structure directing component, the refractive index can be adjusted in accordance with effective medium theory. Reducing the refractive index below the refractive index of the fiber core removes the thickness constraints, allowing the coating of thick 3D nanomaterials while maintaining mode matching between the sensing and non-sensing regions of the fiber for intrinsic loss optimized designs. This allows the coating of films with arbitrary thicknesses that greatly enhance the evanescent wave interactions.
The effects of small variations in the refractive indices, near the optimal refractive index, on the guided wave confinement factors for the core and sensing film were examined by simulation for a 2-μm thick coating, shown in Fig. 1(e) . When the refractive index of the metal oxide is slightly smaller than that of the fiber core, enhancements that are greater than 8 times the confinement factor for evanescent wave interaction can be achieved in the sensing films as compared to optimized thin film coatings. Figure 1(e) shows that when the refractive index of the coating is slightly larger than that of the fiber core, a total guided light energy transfer to the fiber coating will occur, destroying the guiding condition. The simulations demonstrate the challenges and the importance of refractive index engineering of functional coatings, which is the subject of this paper.
In addition, the tailoring of the refractive indices allows the many previously explored benefits of metal oxide nanostructures to be incorporated into optical fiber sensors such as increased surface to volume ratios and higher ratios between the modulated and nonmodulated regions yielding faster and more sensitive sensors.
In the optical domain, it is not easy to predict the type of the expected response or combination of responses for metal oxide nanostructures with features comparable to the gas modulated space charge region's width, for which the surface effects dominate. It is well known that a conduction increase/loss is to be expected, depending on the type of the analyte (reducing/oxidizing) and the type of the metal oxide (n/p-type). This, in the optical domain at NIR, for SnO 2 , will show up as absorption based on Drude's theory as in this regime the response is dominated mostly by free electron absorption [33, 34] . Based on the theory, however, it is not clear whether there should be an expected measurable change in the real part of the refractive index. In addition to absorption, a measurable modulation in the real part of the refractive index could potentially provide another method in cross sensitivity discrimination, which is a common problem of metal oxide sensors [35] . To probe the optical sensory mechanisms of the SnO 2 nanomaterial, this paper use a fiber Bragg grating in Dshaped fiber to simultaneously measure the optical losses and the refractive index changes from room temperature up to 500°C in response to NH 3 . In this work, SnO 2 was used as an example for refractive index tailoring through controlled nanostructuring. However, we point out that this approach is general and should be transferable to optimizing the response of optical fiber sensors integrated with many metal oxide based materials.
Results and discussions
In the wet chemical synthesis of the precursor, Pluronic F-127, a triblock copolymer was used as the structure direct agent for the nano-engineering of SnO 2 [15, [36] [37] [38] . By controlling its mole fraction, the porosity of the SnO 2 is controlled on the tens-of-nanometers scale to tailor the refractive index of the nano-material. In prior, this method was shown effective towards modifying the resistive and surface properties of metal oxides.
The sol gel solution used in the fabrication of the nanomaterial consisted of SnCl 4 , Pluronic F-127, HCl, and Ethanol with a molar ratio of 1:0.04:7.71:39.58 (ACS Reagent Grade, Sigma Aldrich). After mixing, the solution was stirred for 3 hours, followed by a settling period of 24 hours. In the preparation of the precursors, many authors employ careful humidity control in processing these materials. We found that the hydrolysis can be substantially slowed upon exposure with ambient air by adjusting the pH value of the precursor to ~0.5 using HCl [37] . The slowing of the hydrolysis provided higher quality films when spin coated for refractive index measurements.
To characterize the refractive index, the precursor was spun onto a silicon wafer at 2500 RPMs, heat treated and measured using an Ellipsometer (Jobin Yvon Uvisel Spectroscopic Ellipsometer). The Lorentz single oscillator model along with Bruggeman's effective medium theory was used in the fitting process to estimate the refractive index of the nanomaterial [39, 40] . Parameters were measured in the range of 400-800nm after which the model was used to extend the refractive indices to 1600nm. Extrapolating the refractive index in this manner should provide reasonable values as it has been shown that the variation in the dielectric constant of SnO2 at higher wavelengths is slowly varying [41] . Figure 2 shows the fitted from direct measurement (400-800nm) and extrapolated (800-1600 nm) refractive indices of various forms of SnO 2 . The refractive index of bulk, fully dense SnO 2 is also presented as a reference (built into the software package of the Ellipsometer). A 100-nm thick SnO 2 thin film prepared by sputter coating (estimated porosity of around 3-5%) is also included for comparison. Refractive index measurements of three nanostructured SnO 2 films are presented in Fig. 2 with varying contents of Pluronic F-127 (SnO 2 -A, B, and C). We determined a volume fraction of about 60% for nanostructured SnO 2 -B (nanomaterial used in the construction of the sensor). At 1550nm, the wavelength of interest, it has a refractive index of 1.461, which is slightly smaller than the refractive index of the fiber core (1.468). A cross section SEM image of the sensor in Fig. 3(a) shows that the thickness of the film directly above the core is roughly 2μm. Sufficiently thick for trapping most of the evanescent energy in the interaction region, as calculations show that greater than 98% of the radiant intensity of the evanescent wave is in the coating. Cross-sectional TEM samples were prepared through standard focused ion beam (FIB) lift-out procedures for SnO 2 deposited on the D-shaped fiber, inset of Fig. 3(b) . A protective layer of Pt was deposited on the surface prior to sectioning. A tungsten-probe tip was used for sample lift-out and electron transparency was obtained over an approximately 10μm wide region for the entire film thickness. Scanning transmission electron (STEM) images of Fig. 3(b) clearly show a large degree of film porosity through z-contrast with features of about ~20-50nm in diameter. Bright field TEM imaging shows an average SnO 2 grain size of approximately 10nm shown in Fig. 3(c) and a Fast Fourier Transform (FFT) obtained from the high resolution TEM image indicates and underlying cassiterite crystal structure shown in Fig. 3(d) . To produce the fiber Bragg grating, D-shaped fiber was first soaked in high pressure hydrogen at 1600 psi for 2 weeks. A type II Fiber Bragg Grating (FBG) was inscribed by a phase mask (2.5x1cm with 1060nm period) with a 248nm KrF laser source (GSI Lumonics PM-844) with a cumulative fluence of ~6,000 pulses at ~50mJcm −2 [42, 43] . The FBG sensor was then annealed at 120°C for 24 hours to diffuse out all the residual hydrogen. Prior to coating the precursor, the D-fiber with the FBG was etched with a buffered HF solution for 21 minutes to remove 3μm cladding material (5:1 40% NH 4 F to 49%HF ACS Reagent Grade, Sigma Aldrich), exposing the core on the flat side of the fiber. The fiber was coated by pulling it through the precursor at an approximate rate of 5mm/s. The coated sample was then exposed to a temperature treatment which started by drying at 80°C for 3 hours. Next, the temperature was increased at 5°C/minute to 130°C and held for 1 hour. Followed by ramping (3°C/minute) to 600°C, where it was held for 2 hours. Afterwards, the sample was cooled to room temperature at a rate of 3°C/minute.
The schematic of the gas sensing experimental setup is shown in Fig. 4(a) . The fiber sensor coated with the reduced index SnO 2 was exposed to a constant flow(200 SCCM) of 10% NH 3 and 90% N 2 mixture at atmospheric pressure for 3 minutes, followed by a 3 minute recovery period in dry air(200 SCCM). A change in the real part of the refractive index of the 7-cm long fiber coating is monitored by the reflection peak of the FBG sensor using a broadband light source (EBS-7210 Er 3+ Broadband, MPB Technologies) and an Optical Spectrum Analyzer (Agilent 86140B). Another Optical Spectrum Analyzer (Ando 6317B) was used to monitor transmission spectra of the coated D-fiber to measure the real-time optical loss. The FBG reflection peak disappears immediately upon the coating of the precursor due to its high refractive index in comparison with the core of the fiber. A short time after raising the temperature above 200°C, the grating peak begins to return due to the removal the structure directing agent, indicating the reduction of the refractive index.
A change in the effective index Δn eff of the guided mode can be measured directly by monitoring shifts in the FBG peak Δλ as Δn eff ≈Δλ/2Λ, where Λ is the grating period [17, 44, 45] . Any displacements in the peak under stable temperature conditions, which we could detect down to 10-pm levels, would be indicative of a refractive index change in the nanostructure. An example of the measurement of the wavelength of the resonant peak is given in Fig. 4(b) , at room temperature. In measuring the reflected power from 25 to 500°C, we do not observe any shifts in the resonance peak due to the adsorption of NH 3 . Given the sensitivity of our instruments and the 1.62% optical confinement factor in the sensing film, we estimate that any modulations in the refractive index is smaller than ~5 × 10 −4 . The above exposure conditions produce a significant optical loss evident in the transmission measurement, for which we measured about a 30% reduction in the transmitted optical power around 1.5μm, shown in Fig. 4(c) . The optical loss coefficient of the device in this configuration is α Sensor = 0.049cm −1 . Given that 1.6% of guided light interacts with the metal oxide coating, the overall absorption coefficient for SnO 2 materials in reaction with NH 3 is α SnO2 = 3cm −1 . The loss appears to be uniform across the transmission measurement spectra. A maximum in the transmitted power was observed at room temperature after which it shortly declined with the increase of the temperature as shown in Fig. 4(d) . This result is contradictory to the general thermal dependence of chemiresistors as their temperature response has a maximum sensitivity at higher temperatures, typically between 200 and 500C; therefore, many devices tend to hold their SnO 2 sensor in that temperature range for peak sensitivity. On the other than, SnO 2 nanowires have been reported to have thermal characteristics different from their bulk counterpart as do SnO 2 nanoclusters [6, 7, 46] . From this, we speculate that the anomalous temperature response might be due to the current nanostructure.
Conclusions
In summary, we presented, for the first time, to the best of our knowledge, a refractive index engineered SnO 2 functional film integrated with optical fibers to maximize the evanescent interactions for sensing applications. The refractive index was successfully adjusted by a triblock copolymer, Pluronic F-127 which acted as a structure directing agent in the manufacture of the SnO 2 nanomaterial. Through the integration of nano-engineered metal oxide with high-temperature stable fiber Bragg grating, this work examined both refractive index and absorption modulation of the metal oxide based sensors at both the room temperature and at high temperature up to 500oC for energy applications.
Results presented in this paper reveal that conductivity changes in metal oxide nanomaterials previously reported in electronic sensors lead to significant increases in optical absorption as predicted by Drude's theory. On the other hand, although D-shaped fiber sensors are known for their sensitivities to the environmental refractive index changes, measurements reported in this paper shows very small refractive index changes occurred in metal oxide nanomaterials in reaction with NH 3 , which is below the sensitivity of our instruments (Δn<5 × 10 −4 ). We believe that this work can provide important guidance for the design of optical fiber sensors employing metal oxides as sensory transducers. The metal oxide nanomaterial synthesis scheme presented in this paper allows the adaptation of the many advances achieved in metal oxide conductometric sensors, such as specific dopings, high surface to volume ratios, and specific annealing conditions known to affect grain and crystallite sizes. These properties are all known to provide great enhancements in sensitivity, selectivity, and response times. Fiber sensors designed to measure small optical absorption such as cavity ring-down spectroscopy is better suited to harness the strong optical absorption for highly sensitive chemical sensing when integrated with reduced index metal oxide nanomaterials.
